MEGARA is the new integral field unit (IFU) and multi-object (MOS) spectrograph successfully commissioned at Gran Telescopio Canarias, in August 2017. MEGARA provides spectral resolutions R (fwhm) ~ 6000, 12000 and 20000, via volume phase holographic gratings, at very high efficiency in both IFU and MOS modes. In the case of MEGARA main optics and pupil elements optics, the surfaces in contact with air have an anti-reflective (AR) coatings to minimize the Fresnel losses at the interface glass-air. In this work we present the designs and calculation of the total throughput of the optical system based in the transmission measurements of the AR coated witness samples. The results reflect the benefits of having implemented customized AR coatings for the mean angle of incidence on each surface as the measured throughput was better than the requirements. We analyze the effects of the pupil elements AR coatings for each spectral configuration.
INTRODUCTION

MEGARA
1, 2, 3, 4 (Multi-Espectrógrafo en GTC de Alta Resolución para Astronomía) is an optical Integral-Field Unit (IFU) and Multi-Object Spectrograph (MOS) designed for the GTC 10.4m telescope, in operation in La Palma (Spain). It has been developed under a contract between the Universidad Complutense de Madrid (UCM) and GRANTECAN. The MEGARA Consortium is led by UCM and has as co-partners the Instituto Nacional de Astrofísica, Óptica y Electrónica (INAOE. Mexico), the Instituto de Astrofísica de Andalucía (IAA-CSIC, Spain) and the Universidad Politécnica de Madrid (UPM, Spain).
The instrument has an IFUs plus a MOS mode: a large compact bundle covering 12.5 arcsec x 11.3 arcsec on sky with 100 µm fiber-core; a fiber MOS positioner that allows to place up to 100 mini-bundles, 7 fibers each, with 100 µm fibercore, within a 3.5 arcmin x 3.5 arcmin field of view, around the IFU. The fibers, organized in bundles, end in the pseudoslit plate located at the entrance of MEGARA spectrograph. The collimator and camera optics and optomechanics have been completed and delivered. The full instrument was installed on site during August 2017, all the spectral configurations, in the IFU and MOS modes are available and fulfill the design specifications.
MEGARA optical system design consists of:
• a pseudo-slit, which has 119mm of length, and is composed by an arrangement of optical fibers. It is curved on a sphere surface of a radii of curvature (ROC) of 1075mm; • the collimator, which is composed by one single and two double lenses, its focal length is 484.4 mm (at 632.8nm) and its f-number is 3.03. The optical elements of the collimator are presented in table 2. The only aspheric is COLL-S1; • 18 high performance VPHs gratings, which main characteristics are shown in Table 1 ;
• the camera, composed by two doublets and three singlets with a total focal length of 245.9mm (average paraxial value) and f-number of 1.54. The last lens is the cryostat window and the image field is 61.4mm x 61.4mm; • and the 4k x 4k pixel EV CCD detector.
The shutter and the cut-order filters are placed in the collimator barrel. Detailed information of the design requirements and as-built characteristics of the spectrograph are available in other publications 4, 5, 6, 7, 8 . Figure 1 shows the component distribution of MEGARA spectrograph along with the materials and diameters of each lens. MEGARA initial requirements were resolutions of RFWHM ~6,000, 12,000 and 18,700, respectively for the low-, midand high-resolution Volume Phase Holographic (VPH) gratings. The complete list of MEGARA gratings requirements 1 is given in table 1.
As a high-level requirement, it was defined that the total MEGARA throughput, considering fiber link and spectrograph, should be better than 30% at the central wavelength of the VPH675-LR i.e. low-resolution grating working in the red; ~670nm. This requirement was for the instrument only i.e. without including the GTC . 12 has been made on the whole system and the requirements for each main optics element.
VPH
MEGARA pupil elements wavelength range transmission is defined by the different spectral configurations: six for LR, ten for MR and two for HR. The specification for these elements was R < 0.4% with the goal of R < 0.3% for the mean AOI that is different for each subgroup (LR, MR and HR). Table 2 provides a summary of all the pupil elements and their specific AOI and spectral range.
In this work we present the final AR coatings of the complete optical components of the spectrograph, main and pupil elements. Along that, a comparison between the theoretical throughput and the real throughput is shown, (HR-I) prisms (2) 820 nm -900 nm Table 2 . Summary of the pupil elements AR coatings designed for MEGARA.
ANTIREFLECTIVE COATINGS DESIGN
When light passes through any surface some part of it will be reflected, other refracted or absorbed, this is well known as Snell's Law. On uncoated glass substrates, approximately 4% will be reflected if it is a Crown glass and it can be as large as 10% in Flint glass at each interface. This degrades the total transmission in the range from 80% to 92%. Losses start to become unbearable in optical systems over two elements, as they also translate in possible ghost images. In order to minimize this loss of light, thin film coatings are deposited on the substrate through different techniques, the most popular being the so called physical vapor deposition (PVD), to enhance the inherent transmission through interference effects.
The properties of this type of coating are dependent on the refractive index of the substrate, the refractive index of the thin film, the thickness of the thin film, the angle of incidence of the light and the wavelength. Each coating is designed to obtain a relative phase shift of π between the reflected beams in the boundaries of the film, if this condition is met then destructive interference occurs. This can be translated to in terms of wavelength, thus the coating will have to be an odd number of in thickness for the desired wavelength.
Regarding the refractive index needed for the coating, it can be shown that if Most of the times this refractive index cannot be achieved by currently available materials, instead a stack of different materials with different refractive indexes is used. This means that antireflection coatings can range from a simple single layer having virtually zero reflectance at just one wavelength, to a multilayer system of more than a dozen layers, having virtually zero reflectance over a range of several octaves.
When the design of these coatings is done to perform on normal incidence there can be some problems at greater AOI, and the antireflection capabilities are degraded. The accumulated phase in the layer relative to the phase of the incident light decreases as the AOI increases. This can be resolved by noting that the ray will exit the layer spatially offset from where it entered and will interfere with reflections from incoming rays that had to travel further (thus accumulating more phase of their own) to arrive at the interface. The net effect is that the relative phase is actually reduced, shifting the coating, such that the anti-reflection band of the coating tends to move to shorter wavelengths as the optic is tilted. Another effect of non-normal incidence angles is for the coating to be polarization-dependent.
In the case of the main optics of MEGARA a wide spectral region (370nm to 980nm) needed to be covered, thus the apparent dispersion of the equivalent periods represented a problem. This dispersion was reduced by using equivalent periods of one-eighth-wave thickness instead of quarter-wave. Each quarter-wave in the original design is then replaced by two periods in series. This led us to eight layer coatings. 8 In astronomy, AR coatings are important especially in the blue region where several optical materials have high reflection and/or absorption. These coatings are often analyzed together with the dispersive element and CCD efficiency, which by default has an AR coating on it. They play a key role in the final throughput of a refractive instrument, such as MEGARA.
The MEGARA main optics AR designed coatings consist in eight layers of three different materials to fulfill the requirements of transmission in the wavelength range at the AOI presented in table 3.
The range of the AR for the pupil elements is considerably narrower compared to that of the main optics, thus the requirements are more demanding. To fulfill them, several four layer designs were produced and optimized for each spectral band presented in table 4.
Theoretical designs were achieved through different methods 9, 10 based on the materials available for the deposition. Then an optimization of the design was implemented defining the targets of reflection and the mean AOI of each optical element.
A Damped Least-Square algorithm was used for optimization with iterations variating from 100 to 200. Specialized software was used and due to the wide range of wavelengths in the main optics, dispersion effects of the thin film materials and the substrate are considered.
A total of 18 designs were developed for the main optics and another 18 for the pupil elements including LR windows and MR -HR prisms.
FINAL DEPOSITION RESULTS OF THE PUPIL ELEMENTS
After the fabrication of each of the optical elements, the deposition of the coating materials was made in the Integrity 39 Denton Vacuum Deposition System located at CIO, León, Guanajuato and the transmission of the coating on a witness was measured in an Agilent Cary-5000-UV-Vis-NIR® spectrophotometer.
Several witness samples of each substrate were polished and coated to make the transmission measurements prior and during the final deposition. Three transmission measurements were carried for each one and the average was computed. To extract the transmission of the coated surface of the witness from the measurement, the procedure was the following:
1. A simulation of the substrates was made, in Zemax, emulating a witness with an ideally perfect AR where the transmission is 99.99%. 2. Theoretical values of the total transmission are obtained. 3. Fresnel losses on the uncoated surface of the sample and absorption losses of the substrate from the measurement were eliminated dividing by the theoretical transmission of the witness sample.
In cases when the AOI ≥ 10° the measurement could not be taken directly at the angle specified. To sort out this limitation, the measurements of transmission of the witnesses were taken at normal incidence and then extrapolated to the designated AOI of each element using the method described below:
i. Theoretical transmission functions of the coating at normal incidence and at the mean AOI were produced aided by optical software. ii.
A coefficient function was achieved by dividing the transmission function at the mean AOI by that at normal incidence. iii.
The transmission of the witness sample was measured at normal incidence using the Cary-5000 spectrophotometer at CIO.
iv.
v.
In figure 2, 
THROUGHPUT ESTIMATION
Throughput requirements are essential in any optical system, especially for astronomy. These are the considerations used for the throughput budget as we have divided the contributors to the GTC + MEGARA Throughput budget in the following parts:
• GTC optical mirror (reflectivity as in GTC documentation).
• MEGARA Folded-Cassegrain subsystems, which include all MEGARA subsystems from Field lens to the fiber exit at the spectrograph entrance.
• MEGARA spectrograph common optical path subsystems, which include the collimator plus camera optics spectrograph and the detector.
• MEGARA gratings, which provides the values for all Low-Resolution (LR), Medium-Resolution (MR) and High-Resolution (HR) gratings. Table 5 . MEGARA Spectrograph main optical path throughput budget. We include the contributions from main optics and detector. Table 5 summarizes the throughput expectations for the spectrograph common optical path only. This estimation includes the following contributors:
MEGARA spectrograph main optical path
-Main Optics, which is composed by the collimator and the camera. We have assumed 1.5% Fresnel losses per glass/air interfaces and this implies that this is a worse case. INAOE and CIO provided coatings better than 1.3%.
-Detector includes the Quantum efficiency of the CCD231-E74 (Astro multi-2 AR coating) as provided by e2v.
The column main optical path summarizes the spectrograph transmission taken into account the experimental values of transmission of the optical components and the CCD contributions.
we consider pupil elements to have 0.79, 0.67 and 0.76 for the LR, MR and HR configurations. We obtain theoretical efficiencies close to 0.33 in the blue (400nm), and 0.44 in the red (850nm). These values are among the best efficiencies currently seen in optical spectrographs with astronomical applications; this makes MEGARA a unique instrument in terms of total transmission.
CONCLUSIONS
The results of experimental measurements of optical transmission of the whole spectrograph optics have been studied and compiled. This work make emphasis in the AR coatings of the main optics and the pupil elements, the throughput estimations are better than initially estimated.
All the main optic elements from the collimator and the camera, the 36 VPHs windows and the 24 prisms were manufactured, coated and delivered to UCM in 2015 and 2016. MEGARA was integrated and tested at UCM during 2016. MEGARA was delivered to the observatory in March 2017. The integration at GTC was carried out from March to April 2017. The daytime commissioning was during May and June 2017 and the nighttime commissioning in July and August 2017. The observations proved that MEGARA fulfills are the requirements in both modes, LCB and MOS, in the 18 spectral configurations. MEGARA is a case of success as it was delivered in time, within budget and fulfilling all the requirements. MEGARA has been offered to the community for the 2018B semester. The transmission of MEGARA is one of the bests in the current generation of optical spectrographs in a 10m class telescope.
INAOE and CIO have worked together to develop state of the art AR coatings. This has expanded their expertise in this field and are looking forward to collaborate in future astronomical projects that have very demanding requirements in overall transmission.
